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FOREWORD

This report is a documentation of the RADCAT Vehicle
002 radar cross section measurements program which was
sponsored by the U.S. Army Advanced Ballistic Missile De-
fense Agency. The program was conducted during the period

.15 August 1971 to 15 November 1971 under Contract number
F30602-72-C-0025 for Rome Air Development Center under the
auspices of RADC Project Engineer Mr. Daniel L. Tauroney.

This report, designated as General Dynamics Report No.
FZE-1143, was prepared by Mr. D. 0. Cisco. Major contribu-
tions to this program were made by Mr. W. A. Pierson.

This technical report has been reviewed and is approved.

RADC Proiect Enginee.r
DANIEL L. TAURONEY
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A B S T R A C T

The results of a radar cross section measurement pro-

gram involving the precision Radar Calibration Target (RADCAT)

Vehicle 002 are presented herein. Coherent long-pulse signa-

tures obtained at measurement frequencies of 1.28, 2.85, and

5.65 gigahertz are presented and discussed in relation to

similar data obtained in 1967 on the RADCAT Vehicle 001.

Short-pulse measurements, coherent at 5.65 gigahertz and

noncoherent at 2.4 gigahertz, were also obtained on RADCAT

Vehicle 002 and are presented. Comparisons are made between

the long-pulse response of Vehicles 001 and 002, between

signatures o* Vehicles 001, 002, and those from a half-scale

model of the calibration target, and between the long-pulse

response of Vehicles 001, 002, and the computed response

based on a physical optics formulation.
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SECTION I

INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

The Convair Aerospace Division of General Dynamics recently

completed a radar cross section measurements program involving

the acquisition of a limited set of signatures of the Radar Cali-

bration Target (RADCAT) Serial Number 002. This program was ex-

i pressly designed to define, conduct and examine the minimum set

of long-pulse and short-pulse measurements considered feasible

for determining the validity of using radar cross Eection data pre-

viously obtained on RADCAT Vehicle 001 to represent the radar cross

section characteristics of RADCAT Vehicle 002. Having performed 5

the original measurements on RADCAT Vehicle 001 in 1968, this

Division was in an excellent position to reconstruct as accurately

as possible the radar range configuration,target mounting config-

uration, and system parameters which were employed during the 1968

measurements program.

This report documents the measurements performed on vehicle

002, the basis upon which the signatures from vehicle 001 and 002

were compared, and the conclusions and recommendations which re-

sulted from the signature comparison. Due to the limited scope

of this program, the short-pulse signatures corresponding to

vehicle 002 were not processed to the same extent as were those

recorded on vehicle 001. As a consequence, the comparison per-

formed between the scattered response from the two vehicles in-

volved long-pulse signature data exclusively.



In addition to presenting the measured long-pulse and short-

pulse response of RADCAT vehicle 002, a considerable volume of

ancillary signature data have also been included in this document.

These additional data ccrrespond to selected measurements performed

on RADCAT vehicle 001, and those which were performed at this fac-

ility in 1967 on a 1/2-scale model of the calibration tar-et. The

purpose of including these data is to allow engineering personnel

more closely associated with the overall RADCAT program to rede-

fine, if they so desire, the basis for determining the usefullness

of existing RADCAT vehicle 001 data.

1.2 SUMMARY

The information presented in this report is intended to do-

cument the procedures which were employed to obtain high quality

long-pulse and short-pulse signature data on RADCAT vehicle Serial

Number 002, the basis upon which the response from vehicle 001 and

vehicle 002 were compared, and the conclusions which were drawn as

they relate to the similarity of scattering characteristics between

the two vehicles.

Section 2 of this report contains a complete presentation of

all coherent long-pulse data acquired on RADCAT vehicle 002. In-

cluded in these data are both the amplitude and phase response at

V/V, H/H, 45/45, and V/H polarizations as measured at the frequencies

of 1.28, 2.85, and 5.65 gigahertz. The coherent short-pulse response

at the measurement frequency of 5.65 gigahertz is presented in the

form of a plot of the calibrated peak amplitude response versus
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aspect angle, and relative phase (modulo 2 x) versus aspect

angle. The short-pulse amplitude response obtained at 2.4 giga-

hertz is also presented in Section 2 in the form of a plot of the

calibrated peak amplitude response versus aspect angle.

Section 3 compares the long-pulse response of vehicle 002 to

that of vehicle 001. The specific scattering characteristics

which are compared are

1) Sensitivity of target response to change in roll angle
orientation

2) Sensitivity of target response to change in polarization

3) Sensitivity of target response to change in f.equency

4) Pattern symmetry about either end-on aspect orientation

5) Pattern symmetry about either broadside aspect orientation

In order to establish a baseline for comparing one vehicle to the

other in terms of these characteristics, the response from each

vehicle is separately compared to that computed through the use of

a physical optics formulation, as well as the scattered response

from a perfectly conducting half-scale RADCAT model.

Conclusions and recommendations regarding the use of sig-

nature data available on vehicle 001 to represent the ,radar cross

section characteristics of vehicle 002 are presented in Section

4. Since the basic response pattern (lobe structure) from each

vehicle is quite similar, the existing data library for vehicle

001 may be used to represent vehicle 002 subject to the introduc-

tion of a bias level to ccmpensate for a difference in absolute

radar cross section. It is noted, however, that the value selected
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to compensate in the broadside region may not provide acceptable

compensation in the end-on regirn. An alternative to modifying

the vehicle 00 data is to simply utilize the signatures acquired

during this program for future calibration purposes.

Five appendices have been included in this document to sup-

port the technical contents of Section 2 through 4. Appendix A

describes the radar systems and operational procedures employed

during the radar cross section measurement portion of this pm gram.

Appendix B contains pertinent calibration data, recorded background

levels, field probes, and system linearity data acquired prior to

target measurement. Appendix C contains the long-pulse reponse

of vehicle 001 corresponding to measurement frequencies of 1.28,

2.85, and 5.65 gigahertz, the roll angle orientations of zero and

sixty degrees, and transmitter/receiver polarizations of V/V, H/H,

45/45, and V/H. Appendix D consists of a complete listing of the

calibrated C-band and S-band short-pulse response of vehicle 002

as a function of aspect angle. Appendix E describes the physical

optics formulation utilized to compute the radar cross section

response of an 8-foot cylinder with 2:1 oblate spheriodal ends,

and Appendix F contains the S-, C-, and X-band long-pulse response

of a perfectly conducting half-scale RADCAT vehicle model.
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S E C T I 0 N 2

RADCAT VEHICLE 002 MEA S U R E D R E S P.O N S E

2.1 GENERAL

Radar cross section meaearements were performed on the RADCAT

* Vehicle Number 002 using both long- and short-pulse radar systems

which are located on this Division's Radar Cross Section Range.

Three separate coherent long-pulse radars were utilized to perform

measurements at L-, S-, and C-band frequencies of 1.28, 2.85, and

5.65 gigahertz respectively. Coherent high-resolution signatures

were obtained through the use of a C-band short-pulse radar system

which is characterized by a 3-dB pulse width of approximately 0.8

nanoseconds at 5.65 gigahertz.

Since the measurement program conducted at the Convair Aero-

space Division of General Dynamics was to be the sole opportunity

to acquire RCS data on this vehicle prior to launch, an additional

set of high resolution measurements were performed and are submit-

ted herein. These additional data correspond to signatures ac-

quired using this Division's S-band short-pulse radar system which

is characterized by a 3-dB pulse width of 1.4 nanoseconds at an

operating frequency of approximately 2.4 gigahertz.

The radar cross section signatures presented in this section

are entirely those corresponding to the RADCAT Vehicle Number 002.

The reader is referred to Appendix A for a description of the radar

systems which were utilized during this program as well as a sum-

mary of pertinent operational procedures which were followed during
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this measurement program. Analog recordings of calibration, back- i
ground, and field probe data may be found in Appendix B.

2.2 LONG-PULSE MEASUREMENTS

Coherent long-pulse measurements were performed in accordance

with the measurements matrix shown in Table 2.1. Use was made of

the triangular shaped designator which is located on one end-cap

of the vehicle in order to establish both an aspect-angle and roll-

angle reference orientation. As noted in the sketch of Figure 2-1,

zero-degrees aspect corresponds to a coincident alignment of the

*Radar-Line-of-Sight (RLOS) and the longitudinal axis of the vehicle

such that the triangular indicator is toward the radar. A zero-

degree roll angle orientation corresponds to a positioning of the

target such that the triangular indicator appears vertically above

the attachment assembly, z sixty-degree roll angle is obtained by

rotating the vehicle in a clockwise direction.

Figures 2-2 to 2-49 contain the long-pulse amplitude and

phase response of RADCAT Ve~ticle 002 for all measurement conditions

noted in Table 2.1. The -plitude response is shown calibrated in

dBsm; phase has been calibrated in degrees, modulo 27 . The title

block in the upper right-hana corner of each figure contains in-

formation regarding the target roll angle, frequency and polariza-

tion at which the measurements were taken.
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'2.3 SHORT-PULSE MASUREMENTS

Coherent short-pulse measurements were performed at 5.65

gigahertz in accordance with the measurement matrix shown in

Table 2.2. As noted in this matrix, the target response was re-

corded over a complete 0- to 90-degree aspect sector at both VV

and MH polarization.

The readers attention is called to the sketch in Figure 2-50

which illustrates the aspect angle convention which is associated

with the short-pulse recording system. Note in particular that

90-degrees aspect in the short-pulse recordings system corresponds

to the 270-degree orientation as recorded by the long-pulse system

(see Figure 2-1). The designations for 0-degree and 180-degree

orientations are consistent between the two systems, and in each

case the target orientation is changed by rotating in the clock-

wise direction. This difference in convention should be kept in

mind when comparing the C-Band long-pulse and the short-pulse phase

response which nulls slightly off of zero-degrees in aspect.

Figures 2-51 and 2-52 contain the peak C-band short-pulse

amplitude response of vehicle 002 as measured at VV and HH polari-

zation respsectively; data shown are calibrated in dBsm. In ad-

to the peak return from the RADCAT vehicle, a scattered return

from the back shadow boundary was observed at each polarization

and has been plotted as c-2 in each of these figures. The phase

response (relative) corresponding to VV and HH polarization is

shown in Figures 2-53 and 2-54 respectively.
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The data illustrated in Figure 2-55 correspond to the peak

S-band amplitude response as measured at VV and HR polarization.

As a result of the relatively short pulse width which was achiev-

ed, the scattered return from the back shadow boundary was still

resolvable. This return, labeled as a-2 , is also presented in

Figure 2-55 for comparison with the C-band response.

A complete listing of the calibrated short-pulse response

may be found in Appendix C for both C-band and S-band measurements.
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SECTION 3.

COMPARATIVE EXAM INAT I.O N OF RAD CAT

VEHICLE 002 RESPONSE

3.1 GENERAL

At the time measurements were initiated on vehicle 002, it

was generally suspected that the radar cross section response

from vehicle 002 might exhibit some differences in scattering

from that of vehicle 001. It was, in fact, the objective of this

program to acquire sufficient data on vehicle 002 to document any

such difference in the scattered response between the first and

second vehicle and to subsequently recommend the degree to which

vehicle 001 measurement data could be utilized to represent the

response from vehicle 002.

A comparison between the scattered response of vehicle 001

and vehicle 002 is presented in this section. In addition, a

further comparison is made between the response from vehicle 002

and (1) the solution obtained from a Physical Optics approximation

and (2) the measured response of a perfectly conducting 1/2-scale

model of the RADCAT cylindrical target.

3.2 COMPARISON WITH SELECTED VEHICLE 001 SIGNATURES

3.2.1 L-Baid Long-Pulse Measurements

Figures 3-1 and 3-2 contain the long-pulse response of vehicle

001 corresponding to a measurement frequency of 1.28 gigahertz at

VV polarizction for the cases of 0-degree and 60-degree target roll
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angles respectively. These data have been reproduced from a 1967

report which documented the RADCAT Vehicle 001 Measurement Program

(Reference 1). The response of vehicle 002 measured under the

same conditions is shown in Figure 3-3 and 3-4 for comparison.

The phase response associated with the data contained in Figures

3-1 and 3-2 may be found in Appendix D along with the L-Band sig-

natures acquired at HH, i/ 4 r/4 , and VH polarizations. Similar

data were presented in Section 2 for vehicle 002.

The following cross section levels are defined for ease in

comparing the dominant scattering cha-.acteristics of vehicle 001

and 002.

O'eo(O °) : end-on cross section at O-degrees in aspect

"reo(1800) : end-on cross section at 180-degrees in aspect

%s(900) : broadside cross section at 90-degrees in aspect

Sbs(2700) : broadside cross section at 270-degrees in aspect

0i sl(90 °) : average of first sidelobe peaks near 90-degrees

in aspect

O0sl(2700 ) : average of first sidelobe peaks near 270-degrees

in aspect

Gieo : average end-on level

7b s : average broadside level

sl : average first sidelobe level

Figure 3-5 contains a succession of averages of the above

cross section levels for both vehicles. In Matrix 001(a) of Figure

3-5, a complete itemization is presented for each recorded end-on,

3-4 !
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VEHICLE 001

MATRIX 001a ROLL POLARIZATION fr(0) Icr(180° ) frbs (900) abs (2700)1 -81 (900) Os (2700)
ANLE I

"vv 9.9 9.8 23.3 23.5 9.8 10.2
0 HH 10.0 9.8 23.5 24.0 9.8 10.5

Y 0.0 9.9 23.8 24.1 10.2 10.4

VV 10.0 10.0 23.9 24.3 10.0 10.5
600 HH 9.6 9.5 24.0 23.6 10.3 9.9

/ 10.1 10.0 2..1 24.1 10.3 10.4

MATRIX 001b ROLL POLARIZATION F T .
ANGLE

vv 9.85 23.4 10.0
00 HH 9.9 23.75 10.15

7 9.95 23.95 10.3
W 10.0 24.1 10.25

600 HH 9.55 23.8 10.17Y %4 1A 0.05 24.1 10.35

MATRIX 001c POLARIZATION r - i,,

vV 9.92 23.75 10.13
HH 9,7 23.77 10.12

NL 714 o0 24.0 110.33

MATRIX 001d E. 5
9.87 23.84 10.17

VEHICLE 002

MATRIX 002a ROLL POLARIZATION a(00) o,(1800) Obs (900) Obs (2700) 'sl (900) -s1(270°)
ANGLE I - .16 3

vv 7.4 7.0 19.6 19.6 6 6.3
Hil 7.4 6.9 19.4 19.3 6.4 6.2

7 7.0 6.8 19.2 19.2 6.2 6.0

vv 7.3 6.9 19.5 19.5 6.15 6.1
600 HH 7.3 6.7 19.7 19.9 6.3 6.4

__54 14 7.4 7.151 19.6 19.6 6.4 6.3

MATRIX 002b ROLL POLARIZATION - i ,
ANGLE

vv 7.2 19.6 6.2
00 HH 7.15 19.35 6.3

' 6.9 19.2 6.1
VV 7.1 19.5 6.1

600 HH 7.0 19.8 6.35
4 Y4 7.23J1 19.6 6.35

MATRIX 002c POLARIZATION C,. FA, ____,,

VV 7.15 19.55 6.15
HH 7.07 19.57 6.33
4 _7Y4 7.06 19.4 6.22

MATRIX 002d ,I

S7.09 1 9.511 6,23

Fig. 3-5 COMPARISON BETWEEN 001 AND 002 DOMINANT
SCATTERING CHARACTERISTICS; L-BAND
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broadside, and (first) sidelobe level such that each particular

polarization and zoll angle response is listed independently.

Matrix 001(b) presents the average end-on, broadside, and sidelobe

levels for each polarization and roll angle eliminated, and matrix

001(d) presents the average with polarization eliminated. A simi-

lar succession of data collapsing is presented for the L-Band te-

sponse of vehicle 002.

The L-Band data illustrated in Figure 3-5 may be summarized

as follows:

1) The dominant scattering characteristics of each vehicle

are essentially independent of polarization (VV, HH,/r,!4)

2) The dominant scattering characteristics of each vehicle

are essentially independent of roll angle

3) Vehicle 002 is characterized by a response at Odegree

aspect angle which is higher than that at 180-degree

aspect angle by approximately 0.4 dBsm

4) The average end-on, broadside, and (first) sidelobe re-

sponse of vehicle 001 exceeds that of vehicle 002 by

2.8, 4.3 and 3.9 dBsm respectively

5) The response from each vehicle is symmetric about either

broadside orientation

6) The response from each vehicle is symmetric about either

end-on orientation.
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3.2.2 S-Band Long-Pulse Measurements

The signatures contained in Figure 3-6 and 3-7 correspond to

the measured response of vehicles 001 and 002 respectively at a

measured frequency of 2.85 gigahertz. The data in each figure

represents the response at vertical polarization and 0-degree tar-

get roll angle. Reference to the signatures presented in Section

2 and Appendix D for the response at HII and 7% 7r4 polarization

and the response at 60-degree target roll angle will reveal that

the data contained in Figures 3-6 and 3-7 are typical for the two

vehicles at S-band.

The S-band data presented in Figure 3-8 is of the same format

as the L-band data in Figure 3-5. A suwmarization of the dominant

scattering characteristics follows:

1) The dominant scattering characteristics of each vehicle

are essentially independent of polarization(VV, HH,3Y 4)

2) The dominant scattering characteristics of each vehicle

are essentially independent of roll angle,

3) Each vehicle-is characterized by a response at 0-degree

aspect angle which is higher than that measured at the

180-degree aspect angle by -z-0.9 dBsm in the case of ve-

hicle 001 and , 0.7 dBsm in the case of vehicle 002

4) The average end-on, broadside, and (firat) sidelobe re-

sponse of vehicle 001 exceeds that of vehicle 002 by

1.5, 2.7, and 1.8 dBsm, respectively

3-9
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VEHICLE 001

MATRIX 001a ROLL POLARIZATION a(00 ) (r(1800) abs(900) €bs(270 °) -7si(900) Okl(2700)

W 10.0 9.5 26.4 26.2 12.25 12.45
0° H1 10.1 9.05 26.2 26.2 12.35 12.35

Y45 10.5 9.5 26.6 26.6 12.83 13.05

Wv 10.3 9.6 26.3 26.2 12.25 12.25
600 I 1X.8 9.6 26.8 26.C 12.95 12.9

_ "_/_ 10.8 9.9 26.8 26.8 13.0 13.15

MATRIX 001b ROLL POLARIZATION 3 6,, 5.
ANGLE

vv 9.75 26.3 12.35
00 HR I 9.6 26.2 12.35

- 4 74 J 10.0 26.6 12.92
0 VV 9.95 26.25 12.25

60 HR i10.2 26.8 12.95
I 10.35 26.8 13.07

MATRIX O01c POLARIZATTQN Fi U6 711
VV 9.85 26.28 12.3
HH 9.9 26.5 12.65

T4 4 10.17 26.7 13.0

MATRIX 001d 5,.,
9.97 26.49 12.65

VEHICLE 002

MATRIX 002a ROLL POLARIZATION or(O) u(1800) Obs(90 0 ) 'rbs(270 0 ) 0"si(900) crai(2700)
ANGLE

VV 9.2 8.7 24.5 24.1 11.45 11.2
0 i 8.6 7.8 23.7 23.5 10.75 10.7

54' "/4 8.3 7.65 23.2 23.2 10.1 10.3

VV 9.1 8.4 23.9 23.9 10.85 11.0
60' 11H 9.0 8.25 23.9 23.7 10.75 11.0

54 1 r/ 9.0 8.2 23.8 23.9 10.8 11.0

MATRIX 002b ROLL POLRIZATION
ANGLE ON , Y,

VV 8.95 24.3 11.33
00 1H 8.2 23.6 10.73

74 'Y4 '/.95 23.2 10.2

VV 8.75 23.9 10.95
600 HR 8.62 23.8 10.87

34' rY4 8.6 23.8 10.9

MATRIX 002c POLARIZATION F, o, _,,

W 8.85 24.1 11.13
L 8.41 23.7 10.8

7 14 8.28 23.5 10.55

MATRIX 002d 477 3
8.51 23.7 10.83

Fig. 3-8 COMPARISON BETWEEN 001 AND 002 DOMINANT

SCATTERING CHARACTERISTICS;S-BAND
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5) Tiae response from each vehicle is symmetric about either

broadside orientation

6) The response from only vehicle 002 is symmetric about

either end-on orientation.

3.2.3 C-Band Long-Pulse Measurements

The signatures contained in Figures 3-9 and 3-10 correspond

to the measured response of vehicles 001 and 002 respectively at a

measurement frequency of 5.65 gigahertz. The data in each figure

represents the response at vertical polarization and 0-degree tar-

get roll angle. Reference to Appendix D and the signatures pre-

sented in Section 2 will reveal that these data are typical for

the two vehicles at C-band.

The C-band data presented in Figure 3-11 is of the same

format as the S-band data in Figure 3-8. Summarization of the

dominant scattering characteristics is as follows:

1) The dominant scattering characteristics of each vehicle

are essentially independent of polarization (VV, HR,i/4 4)

2) The dominant scattering characteristics of each vehicle

are essentially independent of roll angle

3) Each vehicle is characterized by a response at 0-degree

aspect angle which is higher than that measured at the

180-degree aspect angle by -- 2.2dBsm in the case of ve-

hicle 001, and by A' 0.7dBsm in the case of vehicle 002

4) The average end-on, broadside, and (first) sidelobe re-,

sponds of vehicle 001 exceed the corresponding levels

associated with vehicle 002 by 1.2, 4.5, and 2.7dBsm

respectively.

5) The response from each vehicle is symmetric about either

broadside orientation.
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VEHICLE 001

MATRIX 001a ROLL. POLARIZA,-T1ON11 0./)1100) l OJ 1 , ( 90 0 ) Obs(27O% 0 O (90 ) OV1(27OO)
IAGEI - ~ IF___-.--

0 w 9.2 7.2 28.0 2. 2 13.75 13.95

01 M 9.4 7.4 28.0 28.0 14.0 13.8
9.0 7 7 27.8 28.0 13.85 13.55

w 9.6 ! 7P. 27.4 27.6 13.7 14.2
600 HH 10 2 7.4 27.8 27.9 13.8 14.7

4 161.4 J 7.5 j 28.2 27.9 14.451 14.65

MATRIX 001b ROLL POLARIZATION .1 1i.

A NGI 8v v 8 .2 2 8 .1 .5 1
00 H 8.4 23,0 13.9

48.05 27.9 13.7

vv 8.3 27.5 13.95
600 HR 8.4 28.0 14.'

, Pi Y 8.05 28.05 j 14.55J

MATRIX 001c POLARIZATION . I
W 8.25 27,8 13.90
HH 8.6 I 27.92 14.05% T 8.5 {27.97 14.15

MATRIX OOld i . 6" 1 FI "
8.45 27.89 1 14.031

VEHICLE 002

MATRIX 002a ROLL POLARIZATION o'(00) a(1800) (rbs(900) Ubs(2700) ws'(90( 4rsi(2700)
ANGLE I

vv 7.5 6.7 23.6 23.8 11 .5 11.35
0°  H 7.2 6.9 23.9 23.4 il.75 11.0

4 8.2 7.25 23.6 24.3 11.15 11.5
0 w 7.2 6.65 23.5 23.4 I 11.6 10.75

60 -H 7.1 6.55 23.4 23.2 10.95 11.0
44 8.2 7.6 24.7 24.3 11.85 11.9

MATRIX 002b ROLL POLARIZATION
ANGLE (r ,, N

00 7.1 23.7 11.42

0°  H 7.05 23.65 11.37
7 7.7 23.95 11.32

0 vv 6.87 23.45 11.25

60 lH 6.77 23.3 10.97
- 1 7474 ,{- 7.95 24.5 11.88

MATRIX 002c POLARIZATION , ,1-
VV 7.02 23.57 11.33

HH 0I .17{ .6, o911 23.489 11.17
7% V4 7.77 24.23 11.63

M 7.24 1 23.43 11.38

Fig. 3-11 COMPARISON BETWEEN 001 AND 002 DOMINANT
SCATTERING CHARACTERISTICS; L-BAND
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6) The response from only vehicle 002 is symmetric about

either end-on orientation.

3.2.4 Comparison Overview

The data presented in Figures 3-5, 3-8, and 3-11 and their

respective summaries have been consolidated in Table 3-1 for

ease in interpretation. Pertinent entries in this table are re-

lated to (1) the sensitivity of the response of each vehicle to

changes in polarization and roll angle, (2) the degree to which

each separate vehicle exhibits pattern and amplitude symmetry

about end-on and broadside orientations, and (3) the amount by

which the dominant response characteristics of vehicle 001 ex-

ceed those of vehicle 002.

3.3 SUPPLEMENTARY COMPARISON THROUGH USE
OF FULL-SCALE COMPUTED AND 1/2-SCALE
MEASURED SIGNATURES

In addition to comparing the measured signatures of vehicle

002 with those of vehicle 001, it was desirable to establish a

common denominator to which the response from each vehicle could

be compared separately. Two sources of data were organized for

this purpose. The computed response based cn the use of physical

optics formed one source of signatures foi comparison with full

e-ple per'ectWy conducting model of the RADCAT vehicle formed the

second source. The measurements which were performed on the 1/2-

scale model were conducted furing 1967 by General Dynamics under

subcontract Lo TRW Systems (Reference 2).
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Figures 3-12 through 3-14 contain the radar cross section

amplitude And phase as computed by use of the physical optics

radar approximation for frequencies of 1.28, 2.85, and 5.65

gigahertz respectively. Attention is called to the fact that

E ,was used as the theoretical reference in computing the

scattered phase whereas the measurement of scattered phase is

based on the assumption of an dtharmonic time-variation. As

a consequence, the computed phase variations will appear reversed

from those acquired through measurements. The reader is referred

to Appendix E for details of the physical optics formulation.

Figures 3-15 through 3-17 contain the measured response

(at VV polarization) of the 1/2-scale model of the RADCAT vehicle

at frequencies of 2.56, 5.7, and 11.3 gigahertz respectively.

With the addition of 6-dB to each signature illustrated, these

data may be made to correspond to full scale signatures at 1.28,

2.85, and 5.65 gigahertz, respectively. A summarization is pre-

sented in Figure 3-18 of the end-on, broadside, and (first) side-

lobe levels in a format consistent with that used for vehicles

001 and 002. Reference is made to Appendix F for the signatures

of this model corresponding to measurements at HH and r4 1/4

polarization.

Four significant observations may be made regarding the com-

puted signatures and those corresponding to measurements performed

on Obe perfectly conducting RADCAT model.
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1) The measured end-on response is in excellent agreement

with the calculated end-on response at all three fre-

quencies. Inherent in this observation is the fact that

the end-on return from the 2:1 oblate spheroidal cap is

independent of frequency.

2) Neither the computed nor measured return from the aspect

scector near end-on (0- to 40-degrees in aspect) exhibited

any irregular lobing feature which might suggest complex

scattering from this region.

3) The measured first sidelobe peak is in excellent agree-

ment with the computed response with a maximum deviation

of 1.1 dB occurring at 5.65 ghz.
4) Although only fair agreement exists between the measured

and computed amplitude at broadside, the increase in the

measured broadside amplitude with increase in measurement

frequency is in very good agreement with the computed

response. That is (rb's cr 0 .. iog(ft/1

Figures 3-19 through 3-21 contain the L-, S-, and C-Band response

of vehicle 001 at vertical polarL'2ation. The median cross section

amplitude response of the scale model has been superimposed on

each figure for comparison. Similar data for the case of vehicle

002 are shown in Figures 3-22 through 3-24 for comparison.

The reason for presenting the supplementary comparison between

the RADCAT vehicles and (1) the calculated response based on physical
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optics and (2) the measured response of a perfectly conducting

scale model of the RADCAT vehicle has been to call attention to

a particular characteristic of the actual calibration targets

which has repeatedly frustrated attempts to resolve differences

in their radar cross section response. The characteristic re-

ferred to is the unusual frequency-dependent lobing pattern

which is present within + 15 degrees from nose-on. Whereas nei-

ther the computed response nor half-scale measurements exhibit

this phenomenon, both, calibration targets do. In the case of

vehicle 001, however, only one end exhibits the lobing which

further frustrates a comparison between vehicles 001 and 002.

It was initially suspected that the small threaded hole at

each end of the vehicle might be the cause of this variation.

Measurements on vehicle 002 at C-Band failed to verify this as-

sumption, however, when aluminum tape placed over the hole at one

end of the target left the pattern lobing unaltered. The possi-

bility of a response from the spheroid-cylinder joint of suffici-

ent magnitude to cause the lobing was also eliminated as a result

of its not being detected by use of the C-band short-pulse

measurements.

With the above possibilities eliminated, it would appear that

the dielectric -"nd/or conductive coating is the contributive cause

for the observed i. Ling phenomenon. The fact that vehicle 001 was

measured within morths of application of the coating while vehicle

002 was "on the sh6.,.f" for several years prior to measurement is
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somewhat in support of this reasoning since vehicle 001 exhib-

ited the highest radar cross section. The implementation here

is that the electrical properties of the coating on vehicle 002

may have undergone a change as a result of outgassing, crystal-

lization, etc., during the past several years. This would not

explain why one end of each vehicle exhibits a higher cross-sec-

tion than the opposite end. If one end received higher loads

than the other end during structural testing, however, a slight

flattening of one end would cause a larger radar cross section.
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SECTION 4

CONCLUSIO NS AND RECOMMENDATIONS

LThe following conclusions are based on comparisons made in

Section 2 between the signatures of vehicle 001 and vehicle 002,

as well as the comparisons between the signatures of eaeth RADCAT

.~vehicle and those of (1) a 1/2-scale model of the basic vehicle,

and (2) the response computed using the physical optics formulation.

I) The radar cross section response from both vehicle 001

and vehicle 002 exhibits a lobing pattern near end-on

aspect angles which was not exhibited by 1/2-scale model

measurements nor predicted by computations. As a consequence,

it may be concluded that the dielectric coating of the

full-scale vehicle has a greater influence on its scat-

tering characteristics' than was originally expected.

II) RADCAT Vehicle 002 is better suited for use as a cali-

bratia target than was vehicle 001 due to its (identi-

cally) symmetrical response at either of its end-on

orientations..

III) Although the radar cross section amplitude response of

vehicle 002 is measurably less than that of vehicle 001,

the two vehicles exhibit almost identical radar cross

section patterns in the aspect sector defined by

-90Q< <o900 . As a result, the signature library for

4-1



vehicle 001 could be made representative of the

response from vehicle 002 with proper selection

of a bias level to be applied to the vehicle

001 library.

IV) The high degree of similarity observed between the re-

sponse of vehicle 002 at 0-degree roll angle and 60-

degree roll angle is sufficient to characterize this

vehicle as being insensitive to roll angle orientatii.

Note that for purposes of comparison a 360-degree rotation

in azimuth at a 60-degree roll angle configuration

is equivalent to a 180-degree rotation in azimuth at 60-

degree roll and a 180-degree rotation in azimuth at 240-

degree roll.

The following two recommendations are submitted for consider-

ation. Since either recommendation would result in a data library

suitable for radar cross section calibration, the particular choice

of action must be based on convenience and compatibility with the

overall RADCAT program.

V) As per item III, the existing data library for vehicle

001 could be utilized to represent the radar cross section

characteristics of vehicle 002. Selection of a fixed bias

level to be applied to these data however, would necessi-

tate defining either the end-on region or the broadside

region as most important.
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VI) Although the volume of data (long-pulse) acquired on

vehicle 002 during this program is but one-third that

acquired previously on vehicle 001, it is considered

quite adequate to describe its radar cross section scat-

t-ering characteristics. It could, therefore, replace

the existing signature library on vehic! 001 and thua

serve unchanged as the source of calibration data.
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APPENDIX A

RADAR SYSTEM DESCRIPTION

S- A .1 MEASUREMENTS SYSTEMS

Four separate radar systems ware utilized during the

performance of the program measurements. Coherent long-

pulse radars were used to obtain L-band, S-band, and C-band

amplitude and phase data. Short-pulse measurements were

obtained through the use of a coherent C-band system which

provided both amplitude and phase data on the RADCAT Vehicle.

A.1.1 Coherent, Long-Pulse Radar Systems

Each radar system is composed of instrumentation capable

of--obtaining long-pulse amplitude and phase measurements.-'

Traveling wave amplifiers are used as transmitters for fre-

quencies from 150 to 12,000 megahertz. The transmitting

chain typically consists of a master oscillator followed by

two stages of TWT amplification with an output of approxi-

mately one kilowatt.

As shown in Figure A-l, the received signal is mixed

with a local oscillator signal to obtain a 60-megahertz IF

signal. Following the IF amplifier is a range-gate circuit

which allows only echos at the desired target range to be

gated through the receiver. The gated pulses are detected

and stretched in a boxcar circuit to provide an output volt"

age lhich is proportional to the strength of the "echo signil.
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A standard, 60-megahertz, pulsed signal is injected

into the IF system at a time sufficiently delayed after main

bang that no target echos are received. This pulsed signal

is fed through a precision, servo-driven attenuation to the

input of the IF system. The range gate and boxcar circuits

act on this pulsed signal in the same way as they act on the

target echo signal. The resultant output of the boxcar-cir-

cuit is a rectangular wave if the amplitude of the echo is

not equal to the amplitude of the reference signal. The

amplitude of the rectangular wave is proportional to the

difference between the amplitudes of the echo and the stan-

dard signals.

This rectangular wave is fad to an error detector cir-

cuit in which it is demodulated and used to generate a

correction voltage that is proportional to the amplitude

difference between the echo and the standard signals. This

correction voltage is fed to the servo motor which drives

the precision reference attenuator until the amplitudes of

the standard and target echo signals are equal. When the

servo system is balanced, as a result of this action, the

shaft position of the reference attenuator represents an

accurate indication of the received signal. Use of this

technique avoids the nonlinearities of AGC recording systems

and the instabilities of CW systems and provides a linear,
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accurate means of measuring radar cross section directly in

decibels referenced to one square meter over a dynamic range

of 50 dB. Potentiometers and digital shaft encoders are

connected to the referenced attenuator drive shaft to permit

the analog and digital readout of the radar cross section

(sigma).

A.1.2 Coherent, Short-Pulse Radar Systems

The Fort Worth facility has conducted ntumerous short-

pulse measurement programs which have demonstrated the value,

of high-resolution measurements in isolating dominant sources

of scattering. The Fort Worth facility currently operates

short-pulse radars at UHF-, S-, C-, and X-band.. The measure-

ment system described in the following paragraphs corresponds

to the existing C-band capability which was utilized during

this program to obtain coherent short-pulse data on the

RADCAT Vehicle.

A block diagram of the C-band short-pulse system is shown

in Figure A-2. The transmitted waveform is generated by modu-

lating the output of a stable microwave source with a pulse

duration of approximately 0.8 nanoseconds. The waveform is

amplified by a 60 dB gain 1 KW output TWT. Depending upon

the polarization requirements, either one or two offset para-

bolic antenna are utilized to avoid the multiple reflections

associated with most antennas. A circulator is normally used
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to separate the transmit and receive signals if a single

antenna is utilized. The receiver consists of a widebark

low noise TWT and dual-char.nel C-band sampling oscilloscope.

The two channels of the sampling scope obtain nearly simul-

taneous samples of tbo C-band reference oscillator output and

received waveform. Alternate transmitted pulses are received

and sampled coincident with the RF reference shifted by 90

degrees in order to obtain the quadrature component. The

sampling scope provides output samples at the PRF rate that

ca.e separated into in-phase and quadrature components. These

components are derived from the sample data by a correlation

processor. The output is also envelope detected to form an

output linear with input voltage. These data corresponding

to range, amplitude, in-phase, and quadrature components are

recorded simultaneously on an analog strip chart and digital

magnetic tape. A typical target signature obtained at a

fixed aspect angle will be digitized over a 40 ns (20 foot)

interval at less than 0.1 ns intervals. Thus, the fine

structure of the received signature is retained. A typical

amplitude signature on the strip chart recorder is shown in

Figure A-3. This signature was obtained through use of the

X-band system. Tiae recorded X-band waveform is typically 0.6

ns wide at the 3-dB point and has no time sidelobes above

-27 dB. The system dynamic range is typically 20 dB on the
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envelope detected data and-approximately 30 dB for the coher-

ent channels. Measurements obtained at successive attenuation

levels provide a means of achieving an essentially unlimited

dynamic range of measurements.

A.2 CALIBRATION

The radar cross section data obtained from measurements

must be calibrated in order to determine the absolute magni-

tude to the cross section. The calibration procedure estab-

lished at the Fort Worth facility is based on the use of

an accurate reference level derived from a target of known

cross section. During all measurement programs, precision

spheres are used as the primary standard to establish system

calibration.

To calibrate the long-pulse radar system, a standard,

precision sphere is positioned in the radar beam at the

location which will be subsequently occupied by the unknown

target. The range gate is then positioned over the return

from the sphere, and the values of cross section are recorded

as the sphere is rotated 360 degrees in azimuth. The range

gate is then positioned over the return from a corner reflec-

tor which is installed at a range which is not inzladed in

zhe target range gate. The return from this reflector is

recorded on the same plot as the return from the sphere.

The cross section level of the corner reflector is then
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assigned a value in dB relative to one squere meter based

on its relationship to the cross section of the sphere.

When the sphere is subsequently replaced by the target of

interest, the return from the corner reflector is used to

calibrate the system. Each measurement is subsequently

calibrated through a compariscn with the cross section

level of the corner reflector. A comparison is made just

prior to and immediately after the target measurement in

order to ensure that there is no shurt-term drift in the

radar system. The corner reflector calibration is checked

on a daily basis by replacing the standard sphere for com-

parison. This ensures that there is no long-term drift in

the amplitude and phase response of the system.

An extensive calibration procedure is utilized to insure

the validity of all short-pulse data. A calibration of ampli-

tude and phase linearity, time-base stability (range accuracy)

and RCS are recorded on magnetic tape prior to and following

each measurement sequence. The calibration also includes a

documentation of pulse shape, time sidelobes, and the abso-

lute value of RCS by measurements performed on a large (fre-

quency insensitive) sphere. Field probes and system stabil-

ity are verified periodically. In addition, a delayed sample

of the transmitted waveform is injected into the receiver

near the leading portion of nach recorded range gate to serve
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as amplitude, phase and range reference, thus providing an

essentially closed loop operation.

Calibration of the short-pulse radar system requires

the establishment of (1) a time reference, (2) a system

phase and amplitude reference, and (3) acceptable pulse-

width and time sidelobe characteristics. The time base is

established through the use of an ultra stabel one-gHz

reference oscillator. Appropriate system parameters are

commonly adjusted to provide a 2-nanosecond time interval

(1-foot in range) per centimeter on an analog strip chart

recorder. A precision sphere positioned in the main beam

at the location which will subsequently be occupied by the

target is utilized as the primary calibration standard; and

a dipole, located near the target region, or an injected

signal serves as the secondary reference for use during the

acquisition of actual target data.

The system amplitude response is determined by record-

ing, in l-dB attenuated increments, the return from the

reference sphere. These data and subsequent recordings of

the returns at VV and HH polarizations from the precision

sphere and the secondary reference (both of which are simul-

taneously positioned within the same range gate) are suffi-

cient to calibrate the dipole reference. System phase

linearity is determined by thirty-six recordings of the
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siphere return. Each recording is made after an incremental

change of ten degrees has been introduced manually through

use of a precision phase shifter.

A.3 MEASUREMENT PROCEDURES

The Fort Worth facility has extensive experience in

obtaining high quality RCS measurements data. A measure-

ments procedure has been established to ensure that quality

is obtained from both long- and short-pulse systems.

Prior to pre-calibration, a number of detailed set-up

procedures are followed to obtain accurate signature measure-

ments from the long-pulse system. These include:

1. Adjustment of the antenna heights and pointing

direction to obtain maximum sensitivity and suffi-

ciently uniform field amplitude and phase across

the volume to be occupied by the target

2. Adjustment of the target rotator so that the tar-

get motion in the radar beam is in accordance with

the desired orientations

3. Use of all possible means to reduce the cross

section of the target support, the target rotator,

and the other back-scattering mechanisms which

might be located in the target range gate.
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The antenna heights are adjusted so that the target is-

located in the first lobe of the radar interference pattern.

An initial height estimate is )btained from the relation

HA Rx/4HT

where

HA - antenna heighL

HT - target height

R - range to target

- wavelength at the measurement frequency

Final adjustment is achieved by maximizing the return from

a calibration target which is located at the position which

is subsequently occupied by the target.

The uniformity of the field in the target area is de-

termined by raising a calibration probe (usually a sphere

or corner reflector) throu6'1 the region where the target

will be located and recording the signal return as a func-

tion of the height of the probe.

The tilt angle of the rotator is adjusted so that the

radar cross section levels of both sides of a flat plate

are identical. Use of this action assures that the target

will rotate in the plane of the radar beam, which generally

is no-' exaecly parallel to the ground.

The backgeound cross section may be reduced (1) by

tuning the support column by means of small changes in

A-12



frequench so that the reflections from the front and back of

the column cancel (if this technique is acceptable) or

2 (2) by physically changing the column size. The column

may also be tilted to obtain a very low background over

most aspect angles. Specular returns from columns are

generally positioned so that they correspond to the region

of largest target cross section.

A typical short-pulse measurement procedure includes

all aspects of the set-up procedures utilized in preparing

for long-pulse measurements as well as (1) pre-calibrati-3n,

(2) target mounting, (3) target measurement, and (4) post

calibration.

The performance characteristics of the short-pulse

system and the data parameters are documented during the

pre-calibration phase by recording a reference 1-gHz time-

base signal as well as the amplitude, phase, and pulse-shape

characteristics measured through use of a large sphere

which is mouted on the styrofoam target support. All

parameter tolerances are defined and evaluated under opera-

tional conditions, i.e., through use of a mounted calibra-

tion target. When vertical and horizontal polarizations

are utilized, calibration of radar cross section is accon-

plished by relating the known radar cross section of the
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sphere to.the stationary reference return which is posi-

tioned near the leading edge of the range gate.

When cross-polarization is utilized, the calibration of

radar cross section is referenced to the radar cross section

of a dipole which is mounted at a tilt angle of 45 degrees.

The radar cross section of this dipole is Aentical in ver-

tical, horizontal, and cross-polarization. The calibrated

reference return is recorded near the beginning of each and

every sweep in a data run in order to provide a range, phase,

and RCS standard at each aspect angle. A delayed sample of

the transmitted waveform is utilized at higher attenuation

.levels instead of the dipole.
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- APPENDIX B

BACKGROUND AND CALIBRATION MEASUREMENTS

The data presented in this appendix correspond to per-

tinent long-pulse and short-pulse system calibration measure-

ments which were performed prior to measurement of RADCAT

Vehicle 002.

)The analog plots shown in Figure B-1 through B-30 con-

tain background and calibration data which were acquired

prior to long-pulse target measurements. Data related to

the waveform characteristics of the C-band and S-band short-

pulse measurement systems are shown !,n Figures B-31 through

B-35.
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APPENDIX C

DATA LISTING FOR SHORT-PULSE MEASUREMENTS

The data contained in this appendix correspond to the

calibrated peak radar cross section response of RADCAT

Vehicle 002 as measured through the use of this Division's

C-band and S-band short-pulse radar systems. The peak

amplitudes observed at each measurement aspect angle have

been calibrated in dBsm; the corresponding relative phase

(C-band only) has been calibrated in degrees, module 2r.

In the listings that follow, q designates the aspect

angle orientation of the vehicle, a designates the peak

radar cross sectionamplitude response, and ddesignates"

the phase response.
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APPENDIX D

VEHICLE 001 LONG-PULSE SIGNATURES

The signatures contained in this appendix correspond to

the long-pulse amplitude and phase response of Vehicle 001

at zero-degree and sixty-degree target roll angle orienta-

tion. Measurements performed at L-band, S-band, and C-band

frequencies and transmitter/receiver polarizations of V/V,

H/H, 7r/4/7r/4, and V/H are presented herein. These data have

been reproduced from an earlier report which documented the

measurements performed on Vehicle 001 (Reference 1). The

readers attention is called to the title block appearing inU , the upper right-hand corner of each analog trace for perti-

n,nt meaour..qnt parameters.
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APPENDIX E

PHYSICAL OPTICS FORMULATION
OF RADCAT VEHICLE RESPONSE

* The Radar Calibration Target is basically composed of

an 8-foot cylinder with 2:1 oblate spheroidal ends; the

configuration and dimensions are illustrated in Figure E-1.

At the spheroid-cylinder joint (p a, z - + 1/2), the gen-

erator curves are continuous but have discontinuous second

derivatives. A plane wave impinging onto, the target with

an incident angle .80 with respect to the z-axis and can be

expressed, for eiwt harmonic time variation, as

-i (~)H0 eko(zcos~o + xsihi60)

kH)

Without unnecessary detail, the physical optics integral for

the backscattered magnetic field can, in general, be ex-

pressed in the following form,

Aw9"e Ko  f oHJ2ko (zcoso + x6n vHV (80) Sne ~

-jk R0

where K 0 - Jk0 H0 e /27rR 0, n7 is the unit normal vector

at any point on the scatterer's surface, and S1 denotes the

illuminated surface of the scatterer. It can be noted that,

in the case of physical optics approximations, the scattered

wave is always found to have the same polarization as the

E-1
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S
incident wave. Therefore, H ()' can be denoted by

\H/4 H(80).

The illuminated surface on the target can be conven-

iently divided into the cylindrical and the oblate spheroidal

portions; therefore, H(9o) - Hc(8o) + Hos(80 ). The solution

of the cylindrical surface is well known,[3] and can be

summarized as the following integral,
1/2 7r/2' / fJ 2k° (zcos 9°+asinS~cos )

Hc(8o) Ko (asin6o) cosee d# dz

-2 -r/2

- 0 (a.sin8o) Isin(ko-cos'0) 7"/2 COsdK•ali=o e 19 0cos d+
0 ko coseo I-7r/2

where A3 - 2koa sin8o . Since A3 is generally large, one can

use the method of stationary phase to find the asymptotic

solution of the integral. Thus,

H J k ORO / . \_ sinJ(kocos6o) j (2koasin 0o+r/4)
Hr(8o) (f4Vkoasin)°co} e2-VrR o  \ (koscose o

(2)

Similarly, if the physical optics integral is applied to

the oblate spheroidal ends, the scattered magnetic field

becomes

Ho (o). o S C2(z } J 2 k ° ( x s i n o +z c s 8 ° )

H1S(O) Ko  sinotcos8o e dx dy

E-3



Z "2where (zT+ ) - C~.. a _x -y2, and the + sign distin-

guishes each end of the target. However, the solution to

this integral is not straightforward primarily due to the

difficulty encountered in the determination of the boundary

of the illuminated area as a function of aspect angle 6.

For the above reason, an alternative approach is taken

for the large, smooth scatterer. In this case the scatter-

ing contribution of the oblate spheroid is dominated by

that from the specular point. It can be shown that the

specular point on an oblate spheroid occurs at the coordi-

nant point (xs, zs) where

xs = a2 sin 2sin2 0 + c2 cos2go

zsu ±A +(c 2 cosq60  a2si 290~ + c2 cos2 60)

The problem can be simplified by transformations of coordi-

nate systems by first rotating the x and z coordinates

through an angle 80 around the y-axis and then translating

the new coordinates along the new x-axis an amount xs (see

Figure E-2) by use of the rotation given by

x cos~o-zasins(a 2 - c2) sin2 80- 0 2o 190= -,e - _e V,_i,0 +oo.
2 = +a 2 sin2 80 + c2cos2 G-

Z- xssinq0 +zscosq0  + L± oe + a2si o + ccosT,0- 2

E-4



and with the translation given by

S

I, Zzs -s

It is clear that, with the above transformations, the

scattered magnetic field reduces to,
, II II I

A. j J2koz (x ,y )dx
Hoc ( o ) 1o  e dy (3)

This expression can be recognized as the double integral

which can be solved asymptotically for large ko through use

; of the method of stationary phase[4]. First, the expression

for z"(x",y") is expanded into a Maclaurin series about the

specular point, [0, 0, zs (OO)] therefore,

S(x ,y )zs(,O)+ tox'
ax 1 3 ay"0 a2

a2Z" 12

+ ,z x y + 2 +
3x y ay Io 2

Since the first partial derivatives are zero at the specular

point, Equation 3 reduces to

j 2k0 z "2 112 ,, 1' I.*, I Hos (6o ) ff e ~ Ko ,,exp J2ko(P - -qL__ +rx y +...)Jdxdy2 2 r

where p, q, and r are respectively the second partial deri-

vatives at the specular point. By the use of the method

of stationary phase, the series can be terminated in the

E-5



second derivative, and the limits of integration can be ex-

tended to infinity. Thus, the expression can be reduced to
H~s0° mS eJk°R° ) j2k zs-R

1 p1

Hos((90) H o e e

for a convex surface.

The term under the square root sign has a simple geome-

trical interpretation. If K is the Gaussian curvature of

the surface, then K - pq - r2. Thus,

-jkoRo  ,,HO(O)=H o e TRR J2kozs
H05(e0) - H0 eFrRR

2_F7-Ro

where R, and R2 are the principal radii of curvature of the

oblate spheroid, and RIR2 can be shown to be

a4c2/(a2sin 280 + c2cos280 )2.

Hence,

H ( _ Ho e kOR o V--a2cHos (o'0')
2V Ro  a sin 80+ cos a

J 2ko ±+(4 cos 0° +Va2sin
2 o0 + c2cos2e)

It is interesting to note that this is exactly the

* .geometrical optics solution of the oblate spheroid with the

appropriate phase variation for the specular point. There-

fore, for a large, smooth scatterer with finite principal

radii of curvature the physical optics solution reduces

E-6



V exactly to the geometrical optics result. It may be men-

tioned in passing that since this solution is based on

physical optics approximation (thus, the VV and HH components

are equal), this target will not produce cross-polarized

- scattered component at any arbitrary orientation to the

radar.
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V
APPENDIX F

1/2-SCALE MODEL MEASUREMENTS

The signatures contained in this appendix correspond

to the long-pulse amplitude and phase response of a 1/2-

scale perfectly conducting model of the RADCAT Vehicle.

Measurements performed at S-band, C-band, and X-band fre-

quencies and transmitter/receiver polarizations of V/V, H/H,

'w/4/r/4, and V/H are presented herein. These data have

been reproduced from -an earlier report which documented

the scale model measurements program (Reference 2). The

addition of 6-dB to the 1/2-scale model response at 2.56

gigahertz corresponds to the full-scale model response at

1.28 gigahertz. Similar scaling of the signatures at 5.7

and 11.3 gigahertz would correspond to the full-scale re-

sponse at 2.85 and 5.65 gigahertz, respectively. The title

block appearing in the upper right-hand corner of each

analog trace documents the mu:surement frequency and polar-

ization.

F-1



1

A4..

Fig. F-i HALF~~-CL MOE+MPIUEREPNE
S-BND VV+ P4RIZTIO

tiff)

F-2 .. .. ...



+ ....... .......

let
lt t i 14

+ -f .4 qqf
M

4-

44

+ t-4 i-4

-n-
-ti

lit

i 1, i-r 14 4- +

-4.

T T

4.
4+Ht+4- -H 4

4.

I t _tH -
444- t H-L _f+

T-T
4* r 4. 14 . . 1. 1

rp-

7--

tH H4 -r+ -f I
4

ft. 77
.14
T _H i-rrt4fi F H.-T-i I- I -1, 1., -f 1-:F

+ T

rim

i M.7-

. ......... .

.. .. ...... ..

_i 4 3T 3111INA:n
"A :1:

m ;Fli;W 'JI I Ap 'i d I. + ,
t 'r

t

Oft"

4

Fig. F-2 HALF-SCALE MODEL PHASE RESPONSE;
S-BAND VV POLARIZATION

F-3



T I

T_ _ I

tt :tLir t ~ ~ .. t* ~ ~t

4--



IT I
4R i 11*1

Fig. F- HL-SCALE MOEMPAE RSONE

S-BAND, HH POLARIZATION

F -5



:.~ J~ ~ t4 '. *

iff

+~ I o

MF,



I :t

. . . . . .1 .

Fi. - HL-SAE ODLPHStRSONE

-7-5



k ....... . ....

-44

M4,

.flit

......... ....

...... . .....

44-

774 7 .............

t:4

L L,-J-. : 44:,

44*

74 TPT.

M4 F

T. + MT
.1*4+:4,446

I r 4

-ff4

H ttnq:

r T, . t

:Attzl-

1.4

1 vMri- Mi 11,FM uf - 411,11.1,; M rl T
47t

4.1. .1,
jt:

_-4 j:1,,I i: IT j . ...

Fig. F-5 HALF-SCALE MODEL AK'l TUDE RE.)PONSE;
S-BAND., 7r/4 7/4 POLARIZATION

F-6



ii4

44- 4i

I##

r/ r



H+

4

14'

+

i -44

+

4
mom 44-

4-

4. -L

47

4.
..... .....

4 44-

IT TI 
-.f-r

t 2:
t

'rill,

1 ;1 4. 1.: :r

r 7
t rl:

:.-_ Ui

N444

.1-. It'll i--
...... .. ......

a t7,Ll :1

Fig. F-7 HALF-SCALE MODEL AMPLITUDE RESPONSE;
S-BAND, VH POLARIZATION

F-8



41-

a

+o -

I -M

F UT9



I A

4+t

fi

I~ ~ Tr I

Fig.~t 4;4 :AFSAEMDLAMLTD EPNE
v4tAD VVPLAIATO

F-10 a



I[ tI 11.t444;
int

F--



-4-H

4--1



... -- .. .. ... ..... .. . :

r I

Fig. F-12 HALF-SCALE MODEL PHASE RESPONSE;

C-BAND, HR POLARIZATION

SF- 13



tt

t ~ ~ ~ ~ ~ A .ftt .t .-

Fi.F14 AFSAEIJOE MLTD EPNE
C-AD 4I-OARZTO

F -144-'



-4l T

I t

4 4:

1 1 1SS ..

C-BAfD Vr POLARIZATION

F -14 ''



R "R

4 4- E :-P*

.7 TtT4;i
Fig.~~~~~~~~,, #-4HL CL OE HS EPNE

C T- 4AD H OAIZTO

F-1t



H-4

.~~ ~ ~ I
Fig.~~~~ ~.... F..HLFSAE.OE.APIUD.RSPNE

-oD V OAIZTO

F+1



I11111111

............

......... o-...an~

________________________________________________

Fi.F1 HL-CL MDLPAE EPNE

X-BAN, VV OLARIATIO
F-17 : "



jj

F-48



.... *... .. *.-

.L4

14 T.4

,T,4

F-1



4.4 P+

C4 t

27 t

tf .;4#fii HJt~+

X-P4D w/ / lRZTO

F-20



.... ... ....... .u 
". .... . . . . . .

S --

:#_ _ __ _ _ ... ..

Fig. F-20 HALF-SCALE MODEL PHASE RESPONSE;

X-BAND, 7r/4 7r/4 POLARIZATION

F-21



404k*1

4-1.-14- -4-j-

i+tif t r,

t

TA ;.4;. 1

j4

tf:i f . .. .. ....

r4-

ttj

-H+ 14 H+ +I-r -I .... ..
vilf a 4. 4..

:4 + 4,4-

:rig

4H_T T

tZ

T

rN

tr r I It

$=PT, -r
RIM

1 :4.

HE I P

. . . . . . IlW - I - l-.1, fwl - I I -- I hl 7

Fig. F-21 HALF-SCALE MODEL AMPLITUDE RESPONSE;
X-BANDo VH POLARIZATION

F-22



5... ........ ......

..... ... . ...

I .,.....,.....

T-3



THIS PAGE INTENTIONALLY LEFT BLANK

F-24



R E F E RE N C E S

1) "RADCAT Cylinder and Luneburg Reflector Scattering Matrix and
Short-Pulse Measurements", General Dynamics Report FZE-688,
I September 1967

2) "RADCAT Target Scattering Matrix", General Dynamics Report
FZE778, 15 May 1968

3) Hiatt, R. E. and T. M. Smith (1966), Radar Scattering
Investigation, RADC-TF-66-35, (Rome Air Development Center,
Rome, N.Y.)

4) Born, M. and E. Wolf (1965), Principles of Optics, (Pergamon
Press, Oxford)

I



UNCLASS I FI ED
Security Caiflcai.tiote

'DOCUMENT CONTROL DATA - R & D
(security classification &I title, b.* of abstoct .nd indexing annottion most be ente Plere m Ow ovwel ro" t . cla/sseM )

1. ORIGINATING ACTIVITY (CefP-Re aOWi) a.. REPORT SECURITY CLASSIFICATION
General Dynamics Corporation' UNCLASSIFIED
Convair Aerospace Div., P.O. Box 748 a. GROUP ,
Fort Worth, Texas 76101
3. REPORT TITLE

(U) RADCAT Radar Measurement Program

4. DESCRIPTIVE NOTES (27Yp of rpt and lnchuslp. dote.)

Final Report - 15 Aug 71 to 15 Nov 71
S, AUTHOR(S) (First name, middle initial, last name)

Dave 0. Cisco

SREPORT DATE 74L TOTAL NO. OF PAGES 76 NO. or Raps

2)4 November 1971 270 - 4
82. CONTRACT OR GRANT NO. 58. ORIGINATORIS REPORT NUMBERIS)

F30602-72-C-0025
PROJECT NO. FZE-1143

Z6590000

C. lb. OTHER REPORT NO(S) (Any olhMtna0beor 0tmay be assined
this rpert)

__ RADC-TR-72-7
10. DISTRIBUTION STATEMENT

Approved for Public release. Distribution Unlimited.

II. SUPPLEMENTARY NOTES 12. SPONSEIRING MILITARY ACTIVITY

Daniel L. Tauroney US ArIy Advanced Ballistic Missile Defense
OCTT Agency; Commonwealth Buldg. 1320 Wilson Bly .

Arlington VA 22209AC315 330-2925
12. ABSTRACT

The results of a radar cross section measurement program involving
the precision Radar Calibration Target (RADCAT) Vehicle 002 are pre-
sented in the Final Report. Coherent long-pulse signatures obtained at
measurement frequencies of 1.28, 2.85, and 5.65 gigahertz are presented
and discussed in relation to similar data obtained in 1967 on the RADCA
Vehicle 001. Short-pulse measurements, coherent at 5.65 gigahertz and
noncoherent at 2.4 gigahertz, were also obtained on RADCAT Vehicle 002
and are presented. Comparisons are made between the long-pulse response
of Vehicles 001 and 002, between signatures of Vehicles 001, 002, and
those from a half-scale model of the calibration target, and between the
long-pulse response of Vehicles 001, 002, and the computed response
based on a physical optics formulation.

n R... 147 -1. UNCLASSIFIED



IINM CrATFn
Security Classification

14. KA.INK A LINK S LINKC C

ROLM Wr ROLE WT ROLK WT

Radar and Radio Target Detection

Radar Techniques (Detection)

Scientific Data Analysis

Scientific Data Reduction

'

I I
S I ,

I I

} I"

;. 'I

I U

UNCLASSI FIED,
.~ . Security Clssilfic'ation


